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ABSTRACT
Legume plants have developed the capacity to establish symbiotic interactions with soil bacteria (known
as rhizobia) that can convert N2 to molecular forms that are incorporated into the plant metabolism. The
ﬁrst step of this relationship is the recognition of bacteria by the plant, which allows to distinguish
potentially harmful species from symbiotic partners. The main molecular determinant of this symbiotic
interaction is the Nod Factor, a diffusible lipochitooligosaccharide molecule produced by rhizobia and
perceived by LysM receptor kinases; however, other important molecules involved in the speciﬁc
recognition have emerged over the years. Secreted exopolysaccharides and the lipopolysaccharides
present in the bacterial cell wall have been proposed to act as signaling molecules, triggering the
expression of speciﬁc genes related to the symbiotic process. In this review we will brieﬂy discuss how
transcriptomic analysis are helping to understand how multiple signaling pathways, triggered by the
perception of different molecules produced by rhizobia, control the genetic programs of root nodule
organogenesis and bacterial infection. This knowledge can help to understand how legumes have evolved
to recognize and establish complex ecological relationships with particular species and strains of rhizobia,
adjusting gene expression in response to identity determinants of bacteria.
KEYWORDS
Exopolysaccharide;
lipolysaccharide; nod factor;
nitrogen ﬁxation; nodulation;
receptors
Introduction
Plants constantly need to discriminate between organisms that
are potentially harmful from those that can have a positive
impact in their lives. One of the most relevant questions in
terms of ecological interactions is how plants recognize and dis-
criminate between pathogenic and mutualistic microorganisms
present in their environment. In the last years, important pro-
gresses in the understanding of the molecular mechanisms
involved in the recognition of bacteria and the signals involved
have been achieved. However, some important questions
remain open and are the subject of intense research. In this
review we will describe the current knowledge on the role of
main signal molecules in the legume-rhizobia symbiosis and
discuss how transcriptomic analysis has helped to dissect the
role played by the different components of the molecular dialog
between legume plants and bacteria.
Opening the gate
In the presence of compatible rhizobia, roots of legume plants
initiate an infection program that facilitates the penetration of
bacteria into the nodule, where they will be part of the nitro-
gen-ﬁxing structures called symbiosomes. In the most sophisti-
cated mode of infection mechanisms, a tubular structure called
infection thread connects the epidermis with internal cell layers
of the root; therefore, recognition of the right rhizobia is critical
to avoid pathogen or opportunistic infections. This type of
infection requires the activation of a genetic program in the
plant root that must be triggered in the right place, at the right
moment. There are several species from different genera of bac-
teria that can colonize roots of legume plants. The speciﬁcity of
the interaction is determined by the exchange of molecules
between both symbiotic partners, establishing a narrow range
of legumes that can be infected by each rhizobial species. There
are some exceptions, like Rhizobium sp. NGR234, which is able
to nodulate a broad range of legume plants.1 Besides this ﬁrst
check point, there are some examples of plants that are able to
discriminate biovars or strains of rhizobia that nodulate more
efﬁciently.2-3 Research progress made in the last years have
positioned the speciﬁc interaction between bacterial signal mol-
ecules and receptor-like kinases (RLKs) present in the epider-
mis of roots in the center of the plant decision to either trigger
a defense response to avoid the entrance of pathogens or, alter-
natively, suppress the defense response to allow infection by
symbiotic bacteria.(Fig. 1)
Nod factor, the key of speciﬁcity
When legume plants are in the need of nitrogen, their roots
produce and secrete ﬂavonoids/isoﬂavonoids to the rhizo-
sphere. Rhizobia sense these molecules and activate the product
of the nodD gene, a transcription factor that controls the
expression of genes involved in the synthesis of the Nod Factor
(NF). NFs are secreted lipochitooligosaccharides (LCO) whose
chemical modiﬁcations depend on the rhizobium species that
produce them and act as the main determinants of host
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speciﬁcity (Fig. 2). The biological role of LCO molecules has
been recently reviewed.4 They act at nanomolar concentrations,
inducing many early molecular and physiological changes
occurring in the root hair. NFs are recognized by receptors
with LysM extracellular domains. Single mutations in the NF
receptors are sufﬁcient to change speciﬁcity of the interaction
at the species level.5 Interestingly, this family of receptors is
also critical in the recognition of fungi during the mutualistic
mycorrhiza interaction in Parasponia andersonii.6 The discov-
ery that the mycorhization factor (Myc factor) is also a LCO
suggests that the Rhizobium NF perception system evolved
from the ancient mycorrhizal symbiosis. RLKs with extracellu-
lar LysM domains have been also implicated in the recognition
of fungal pathogens. In particular, CERK1 (Chitin Elicitor
Receptor Kinase 1) is required for chitin-induced defense
responses in Arabidopsis thaliana and rice (Oryza sativa),7-8
suggesting an evolutionary connection between recognition
associated to pathogenic and symbiotic interactions.
Cell wall determinants of rhizobial identity
The identity of the bacteria can also be determined by the pres-
ence of surface molecules present in the cell wall that can be
recognized by surface receptors from the plant. Several glycans
have been shown to play a role in nodulation, such as exopoly-
saccharides (EPS), lipopolysaccharides (LPS), cyclic glucans
and capsular polysaccharides.
EPS, a second stage of recognition
Multiple roles have been proposed for EPS as a signal molecule,
from an active function during infection 9-11 to a suppression
of defense responses.12-13 The composition of EPS differs
among rhizobial species, but also among strains, suggesting it
can act as a determinant of speciﬁcity. The structure and bio-
synthesis of EPS have been studied in detail in Sinorhizobium
meliloti (Fig. 2). In addition, several mutants of Mesorrhi-
zobium loti were used to characterize the requirements of EPS
during early stages of the interaction, showing that defects in
the biosynthesis of EPS can affect different stages of the organo-
genesis of determinate nodules.14 Using one of these strains,
Kawaharada and collaborators identiﬁed a LysM RLK with an
extracellular domain able to bind the M. loti EPS.15 Expression
of this receptor is inducible by NF and sufﬁcient to select com-
patible bacteria through the recognition of the EPS. This work
supports the hypothesis of a two-stage mechanism involving
recognition of both NF and EPS to sustain infection inside the
root hair.
Figure 1. Rhizobia perception mediated by plant receptors. Nod Factor (NF) perception is required for infection and nodule organogenesis, but other signaling molecules
secreted by bacteria, such as exopolysaccharides (EPS), proteins, cyclic glucans and K antigens and cell wall associated molecules, like the lipopolysaccharide (LPS) have
been demonstrated to modulate the infection process. NF and EPS are recognized by LysM receptor-like kinases (LysM RLKs). In particular, NF is perceived by a receptor
complex comprising the LysM receptors NFP/LYK3 in M. truncatula or NFR1/NFR5 in L. japonicus. NF signaling activates the root nodule symbiotic pathway and inhibits
defense responses. DMI2 and SYMRK are receptors from M. truncatula and L. japonicus that are required for nodulation, but their ligands are unknown. The EPS receptor
(EPR3 in L. japonicus, Phvul.002G059500 in common bean) plays a major role in the infection process, suggesting a sequential receptor mediated recognition of NF and
EPS. Rhizobial proteins and lectins are recognized by LRR and lectin RLKs, respectively, and have been proposed to regulate defense responses. EPS and LPS negatively
regulate two receptors with serine/threonine (Ser/Thr) kinase domains highly similar to the ethylene receptor ETR2 by an unknown process.31 These receptors are regu-
lated by abiotic stresses and hormones. Abbreviations: LRR: leucine rich repeats; NFR: Nod factor receptor; NFP: Nod factor perception; LYK3: LysM receptor kinase 3;
DMI2: Does not Make Infection; SYMRK: Symbiosis receptor-like kinase; EPR3: EPS receptor 3; LysM: Lysin motif.
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LPS, suppression of the immune responses
LPS is composed by an oligosaccharide and a lipid that anchor
the molecule to the outer membrane of the gram-negative bac-
teria (Fig. 2). An O-antigen saccharide polymer is attached to
the inner core of the molecule and exposed on the surface on
the bacterial cell wall, where the interaction with the plant is
critical. Mutants in the synthesis of LPS are often affected in
the infection, producing phenotypes similar to those in which
defense reactions are triggered.16-18 In addition, exogenous
application of LPS suppresses the oxidative burst reaction in
alfalfa (Medicago sativa) 19 or in M. truncatula roots.20 These
results led to the proposal that LPS could act as a suppressor of
defense responses, a key step to sustain the progression of bac-
teria inside the infection thread. However, the effect of LPS in
nodulation varies in different species.21-22
All together, these results point to the existence of multiple
molecules that participate in the initial recognition of bacteria
Figure 2. Rhizobium Signal molecules. Representative structures of Nod Factors (NF) exopolysaccarides (EPS) and lipopolysaccharides (LPS). (A) The typical NF backbone
consists of 4 or 5 b-1-4 linked N-acetyl-glucosamine residues. NFs are subject to chemical modiﬁcations (the position of frequently added groups are indicated with aster-
isks) by the action of rhizobia nod genes (in bold). The different types of decorations result in a mix of NFs produced by each species of rhizobia. The product of the nodA,
nodB and nodC genes participate in the synthesis of the NF backbone. (B) The EPS molecules from S. meliloti Rm1021 are EPS II and EPS I. EPS II is a galactoglucan mole-
cule, whereas EPS I consists of repeating units of octasaccharides modiﬁed with acetyl, succinyl and pyruvyl substituents (indicated with asterisks) and is also known as
succinoglycan (C) Chemical structure of the LPS from R. etli CE3. LPS is constituted by 3 modules: lipid A, an inner core oligosaccharide and a highly variable O-antigen
polysaccharide (OPS). LPSs from rhizobia have variable OPS regions and a number of unique characteristics compared with LPS from enteric bacterial species. The OPS
and lipid A regions are key components of the legume-rhizobia interaction.
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by plant receptors, attachment to the surface of root hairs, pro-
gression of infection structures and suppression of the plant
immune response. The action of these molecules depends on
the molecular structure and their effects can be differently
exerted depending on the host plant, suggesting an active role
as signaling molecules.
Transcriptomic studies with mutant strains
The study of differences in gene expression have provided valu-
able information to understand key biological processes. Array-
based technologies were followed by the development of RNA
sequencing (RNA-seq), allowing characterization of transcrip-
tional changes at a global scale. Several studies have contributed
to understand transcriptional reprogramming during symbiosis
in the model legumes M. truncatula and Lotus japonicus.23-30
Genes involved in cytoskeleton rearrangements, cell cycle reini-
tiation, transcriptional activation, signaling and perception, as
well as hundreds of genes with unknown function, have been
identiﬁed as differentially modulated at different stages of the
symbiotic process. RNA-seq analysis, unlike array-based tran-
scriptomic, also contributed to the discovery of new genes and
mRNA processing variants in the context of nodulation. As an
example, transcripts originated from alternative processing
(different transcription start sites or alternative splicing) were
identiﬁed as differentially accumulated during the early stages
of the interaction between common bean (Phaseolus vulgaris)
and Rhizobium etli.31
In order to validate the role of NF, EPS and LPS as signal
molecules and to characterize the genes that are modulated by
the presence of these determinants in the bacterial environ-
ment, transcriptomic studies have provided insights on the
putative roles of the speciﬁc recognition of these molecules. Of
particular interest are studies that used mutant strains of rhizo-
bia to dissect the transcriptional changes associated to recogni-
tion of signal molecules from bacteria.28,30-33 (Table 1). Jones
and collaborators 32 showed the differences in the M. trunca-
tula transcriptional response when it was inoculated with the
wild type strain or a succinoglycan-deﬁcient strain of S. meliloti
unable to establish a successful infection. The absence of this
exopolysaccharide resulted in a reduction of genes involved in
protein synthesis and degradation, as well as genes involved in
nodulation (known as nodulins). On the other hand, defense
response genes and a set of unknown genes were up-regulated
in response to the EPS-deﬁcient mutant, suggesting that recog-
nition of the EPS is required to initiate the infection process,
but also to suppress defense responses. A similar study using
the exoA mutant strain of S. meliloti identiﬁed a group of genes
that are induced in immature nodules (4 days after inoculation)
in response to the wild type strain in the infection zone of the
nodule, but not in response to the exoA strain. Some of these
genes seems to be involved in meristem activity and differentia-
tion, including genes that participate in cytokinin synthesis and
activation.30 At 10 days after inoculation, a group of plant
defense genes showed higher mRNA levels in plants inoculated
with exoA, although they were still expressed in response to the
wild type strain of S. meliloti, providing partial support to the
proposed role of EPS in the limitation of plant defense
responses.
mRNA levels of genes involved in plant defense are high
1 hour after inoculation of M. truncatula plants with the S.
meliloti wild type strain, but decrease at 6 hours post-infec-
tion,25 leading to the idea that defense responses were tran-
siently induced and then suppressed concomitantly with
progression of the infection process. As previously mentioned,
the LPS has been proposed as a suppressor of this early defense
response. Transcriptomic studies using LPS mutant strains
have been conducted at different times and in different biologi-
cal systems, making difﬁcult to test this hypothesis. For exam-
ple, D’Antuono and collaborators 33 used a strain of M. loti
with reduced levels of LPS (lpsb2) that was able to form normal
nodules and characterized transcriptional changes in L. japoni-
cus by microarray analysis at 7 and 28 days after inoculation.
Some of the defense responses induced in developing nodules
formed with the wild type strain were not present when the
lpsb2 strains was used. Later on, Maunoury at al 28 studied the
lspB mutant strain of S. meliloti, which is able to differentiate to
bacteroids inside the nodules. The effect of this mutant in the
transcriptome of M. truncatula was similar to the wild type
strain according to a Principal Component Analysis, indicating
that the nodules formed have already overpassed the early
defense reactions triggered by the plant. More recently, we have
Table 1. Transcriptomic analysis of legumes infected with mutant bacterial strains.
Legume species Rhizobium species Signal molecule affected (mutant strain) Type of transcriptomic analysis Reference
M. truncatula S. meliloti Succinoglycan (EPS I)a(exoY mutant) DNA microarray (Medicago Array-Ready Oligonulceotide set
(Operon GS-1700-02, Version 1.0)
Jones et al., 2008
L. japonicus M. loti LPS (lpsb2)b DNA array containing 9600 non redundant
ESTs from nodules of L. japonicus
DAntuono et al., 2008
L. japonicus M. loti Cyclin b (1-2) glucan (cgs)c DNA array containing 9600 non redundant
ESTs from nodules of L. japonicus
DAntuono et al., 2008
M. truncatula S. meliloti LPS (lpsB) DNA array containing 3459 cDNAs from young nodules Maunoury et al., 2010
M. truncatula S. meliloti EPS (exoA) DNA microarray containing 16,470 M.
truncatula probes (Mt16kOLI1 Plus)
Moreau et al., 2011
P. vulgaris R. etli NF (UBP102, nodA-) RNA seq (Illumina single end 50 mer reads) Dalla via et al., 2015
P. vulgaris R. etli EPS(CE383) RNA seq (Illumina single end 50 mer reads) Dalla via et al., 2015
P. vulgaris R. etli LPS(CE109) RNA seq (Illumina single end 50 mer reads) Dalla via et al., 2015
P. vulgaris R. etli EPS and LPS(CE343) RNA seq (Illumina single end 50 mer reads) Dalla via et al., 2015
aDoes not produced EPSI
bSynthesizes reduced amounts of O-antigen-containing LPS molecules
cUnable to induce IT formation
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studied the transcriptional changes of common bean in
response to LPS and EPS mutant strains of R. etli.31 In this sys-
tem, the LPS mutant did not form nodules, whereas the EPS
strain showed a phenotype similar to the wild type. At 24 hours
post inoculation, defense responses were still active in roots
inoculated with the wild type strain, but no signiﬁcant effects of
LPS and EPS were detected at this early time point of the inter-
action. In addition, this work highlights novel aspects of the
responses regulated by NF, EPS and LPS, as the regulation of
circadian rhythms at early stages of the interaction and genes
that participate in the transcriptional and posttranscriptional
silencing mediated by small RNAs.
Future perspectives
Understanding the molecular mechanisms involved in the plant
recognition of microorganisms will be the key to manipulate
ecological relationships in the context of agricultural systems. It
is a common practice to add inoculants to the soil to improve
plant growing or to substitute the usage of chemically synthe-
sized organic fertilizers. In order to get the desire effect, it is
critical that plants recognize and establish the right type of
interaction with the microorganisms present in their environ-
ment. The selection of the right surface determinants can be
the key to improve the competition capacity, preventing other
bacteria already present in the soil to displace strains of bacteria
added as inoculants, which are more efﬁcient in terms of nitro-
gen ﬁxation. Transcriptional studies can help to understand
how plants respond to determinants of bacteria identity, trig-
gering genetic programs that will determine the ecological rela-
tionship between these organisms. At the same time, they
provide the basis to select genes for functional analysis, but, in
order to extract solid conclusions, it is critical to understand
the particular aspects of each biological interaction and to select
the stages of the interaction to perform the study accordingly.
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